Sibship DNA testing is conducted in order to determine if two subjects share one or both biological parents in common: Full siblings have both parents in common,
 the probability to observe a heterozygous locus for the alleles A and B, that have, respectively, frequency p and q in the population, will be 2pq;  the sum of all possible genotypes probabilities is 1.
Derivation of Sibship Index (SI) for full-sibs versus half-sibs
The Sibship Index under the two alternatives hypothesis of full-sibs and half-sibs was derived as described elsewhere [1] . Briefly, it can be resumed as follows. For each locus, let δ ijand δ kl be the Kronecker's deltas of the sibs' alleles:
The Kronecker's delta will be 1 if the locus is homozygous and 0 if the locus is heterozygous. Sibs can share 0, 1 or 2 alleles and so, all possible SI can be resumed using the set theory notation:
where p and q are the alleles frequencies in the population. Table 1 summarizes all possible Sibship Index.
Derivation of Sibship Index Corrected by Maternal Genotype (SICMG)
There are five possible SICMG. In the first one, there are two conditions to verify:
1. Maternal and paternal allelic origin can be clearly distinguished and Mother shares one allele with both Sibs;
2. Sibs share the paternal allele.
An example of this scenario is Mother=AB; SIB1=AC and SIB2=BC. To compute the numerator of the SICMG, we assume that the Sibs are Full-Sibs. The common
Father can be homozygous (p 2 ) and there is 100% of probability he gave the same allele to both Sibs; on the other hand, the Father can be heterozygous (2pq) and there is 50% of probability that he gave the allele A to one sib and 50% that he gave the same allele to the other. Using compound and total probability laws:
Under the Hardy-Weinberg Equilibrium hypothesis, the sum of all alleles frequencies is equal to 1, so:
To compute the denominator, we have to hypothesize two different Fathers and each of them can be homozygous or heterozygous, generating four possible combinations of these situations:
In the second possible scenario:
1. Again none of the Sibs shares the same heterozygous Mother's genotype;
2. Sibs do not share the paternal allele.
An example of this scenario is Mother=AB; SIB1=AC and SIB2=BD. Under the hypothesis that the Father is the same, he can only be heterozygous:
Under the hypothesis of two different Fathers, if one is homozygous or heterozygous for one allele, the other can be homozygous or heterozygous for the other allele:
In the third possible scenario:
1. The Mother is heterozygous and one of the Sibs is heterozygous with the same genotype of the Mother;
2. The other Sib is homozygous.
An example of this scenario is Mother=AB; SIB1=AB and SIB2=AA. In this case,for the first Sib it is impossible to establish which allele was inherited from the Mother.
If the Sibs inherited different maternal alleles, they share the same paternal allele; on the contrary, if they share the same maternal allele, they inherited different paternal alleles.
In the fourth possible scenario:
1. The Mother is heterozygous, one of the Sibs is heterozygous with the same genotype of the Mother;
2. The other Sib is heterozygous and share only one allele with the first Sib.
An example of this scenario is Mother=AB; SIB1=AB and SIB2=BC.
This scenario is equal to the second scenario, even if the derivation is slightly different.
Finally, in the fifth possible scenario, Mother and Sibs share the same heterozygous genotype. The matrix shows the fraction of the population that has a specific genotype: for example, 6.25% of the population is homozygous for the allele 1 and 17.50% is heterozygous for the alleles 1 and 2. Performing a scalar multiplication for 10 million we obtain a good representation of rare genotypes too: Using the index and the cells of this matrix is possible to construct a new matrix with 10 million rows and 2 columns that represents the genotypes of the population: using this example there are 625000 rows [1 1]; 1750000 rows [1 2] and so on.
The genotypes matrix is randomly shuffled as a deck of cards using the Fisher-Yates-Sattolo algorithm. The genotypes matrix is now divided in two halves: the first one will be the Mother's genotypes and the other the Father's genotypes.
To simulate the Full-Sibs generation, a random array from the binomial distribution with parameters n=1 and p=0.5 is used. The mechanism by which the Mother and the Father transmit one or the other of their alleles is like tossing a coin: a random matrix of 5 million rows and 2 columns from the binomial distribution simulates this process: the first column indicates if from the Mother is inherited the first or the second allele; the second column indicates if from the Father is inherited the first or the second allele. The binomial matrix is reinitialized to generate the second Son.
To generate Half-Sibs, the Father's matrix is shuffled again using the Fisher-Yates-Sattolo algorithm and third binomial 5 million rows and 2 columns matrix is generated. Resuming, there are 5 million pairs of Full-Sibs and 10 million pairs of Half-Sibs. Finally, the algorithm computes the SI and SICMG for each pair of Full-Sibs and Half-Sibs and then stores the results on to the hard disk.
Determination of single locus and cumulative accuracy of SI and SICMG
The two Index are formulated so that an Index greater than 1 suggests that the pair is a Full-Sibs pair and an Index lower than 1 suggests that the pair is a Half-Sibs pair.
For each locus, we computed how many Full-Sibs had a SI or SICMG greater than 1 and how many Half-Sibs had a SI or SICMG lower than 1. For each locus were determined: Sensitivity, Specificity and Youden's J index (JI).The cumulative Index is computed by multiplying together the Indices of single loci. The distributions of SI and SICMG of each locus are not Gaussian but the logarithms of the cumulative Index distributions are Gaussian, so it is possible to easily compute the crossing points between Full-Sibs and Half-Sibs distributions obtained from SI and SICMG.
In fact, each Gaussian distribution has an equation:
where  is the mean and  is the standard deviation. Equating two distribution equations and placing =1/ 2 , the crossing points will be found by solving the second degree equation:
For our purpose, we used the crossing point (CP) between means. This CP is used to find the Equivalent Error Rate Point (ERRP), that is the point where misclassification rates for both Half-Sibs and Full-Sibs are equal (Sensitivity=Specificity). To find ERRP we used Bisection Method using CP as guessing starting point to find the zero of the function:
where the Cumulative Density Function (cdf) for a Gaussian distribution is:
and the Error Function (erf) is:
Again, the performances of cumulative SI and SICMG were computed using as threshold 1 or the ERRP. (Table 2) ;on the contrary, when SICMG algorithm is used JI increases (Table 3) . It is interesting to highlight that, when SICMG algorithm is used, the JI increases, reaches a maximum and the decreases (Table 3 ). In the sibship analysis, usually, a likelihood ratio greater than 1 indicates a Full-Sibs kinship and a likelihood ratio lower than 1 indicates a Half-Sibs kinship. As shown in Table 2 , when all loci are used to compute SI, all couples have a likelihood ratio grater than 1 and so the SI is completely useless to discriminate Half-Sibs from Full-Sibs. The phenomenon is clearly highlighted in Figure 1 : when all loci are considered and SI algorithm is used, both Full-Sibs and Half-Sibs distributions means move to the right and about 35% of the areas overlaps; on the contrary, when all loci are considered but SICMG algorithm is used, Full-Sibs distribution mean moves to the right, the Half-Sibs distribution mean moves to the left and the areas overlap is about 3%, ten fold lower.
Results and Discussion
To improve the results, the EERP must be taken in account and Table 4 shows the performances of commercial kits.
WhenSI algorithm is used and cutoff=1 is chosen as threshold, practically all Half-Sibs couples are declared as Full-Sibs; using cutoff=10 EERP , 25% of couples are misclassified.
When SICMG algorithm is used and cutoff=1 is chosen as threshold, less than 1% of Half-Sibs are declared Full-Sibs and about 12% of Full-Sibs are declared Half-Sibs; on the contrary, using cutoff=10 EERP , about 3% of couples are misclassified; 8 times lower respect to SI algorithm. We define "Core" the set of all 24 STRs showed in Table 4 . Tables 5 and 6 show the performances obtained adding STRs to the "Core" using SI and SICMG, respectively, and EERP as cutoff. Again, it is possible to observe the same phenomenon showed in Table 3 : adding STRs to the Core, the Youden's Index increases, reaches a maximum and then decreases. Similarly, Table 6 shows that using SICMG algorithm the maximum Youden's Index is reached adding a set of 14 STRs but there is a gain of less than 1% in performances.
Anyway, there is a set of 8 STRs that are useless in both cases 8 (D1GATA113, D2S1776, D4S2364, D9S1122,F13A1, F13B, FES and PENTA C).
In conclusion, it is impossible to discriminate Full-Sibs from Half-Sibs using actually SI index and cut-off; it is possible to greatly improve the performances taking into account the Maternal genotype and the Equivalent Error Rate Point, taking in mind that also in this condition 1-2% of couples will be misclassified. AA or BB 1/2*(1+1/(2*p)) (2*(p+q+1))/(8*q+p*(p+1)^2) A B (1+p+q+2*p*q)/ (p+q+4*p*q) (2*(p+q)*(p+q+1))/((p*(p+1))^2+(q*(q+1))^2+16*p*q) AC or BC 1/2*(1+1/(4*p)) 1/4 A C A A 1/2*(1+1/(2*p)) 1/4 AB or AD 1/2*(1+1/(4*p)) 1/4 A C (1+p+q+2*p*q)/ (p+q+4*p*q) 2/(p*(p+1)) BB or BD 1/2 1/4 B C 1/2*(1+1/(4*p)) 2/(p*(p+1)) 
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